Previously, we isolated a mutant named hpt2040 by biolistic transformation, which showed constant gametangiophore development irrespective of FR due to a single autosomal mutation [12]. Whole-genome sequencing revealed autosomal genomic rearrangements in hpt2040, including a 422-kb inversion and a 51-kb deletion (Figure 2A ). Segregation analysis indicated that the rearranged region was genetically linked to the mutant phenotype ( Figure 2B ). This region of the M. polymorpha genome was predicted to contain 45 genes (Table S1 ) [13]. RNA-sequencing (RNA-seq) analyses indicated significant transcript accumulation of Mapoly0024s0106 (MpbHLH20) in hpt2040 plants grown in the absence of FR, but not in wild-type (WT) (Table S1), suggesting a gain-offunction effect of the hpt2040 mutation. We named this gene MpBONOBO (MpBNB) after Pan paniscus, which shows constant sexual behavior. The MpBNB gene has no intron and encodes a 622-amino-acid peptide with a single basic helixloop-helix (bHLH) domain ( Figure 2C ). Phylogenetic analysis of land plant and algal bHLHs indicates that MpBNB belongs to the subfamily VIIIa of bHLH proteins that are exclusively found in land plants [13][14][15] (Figure S1A ). The proteins of this subfamily have a highly conserved bHLH domain and conserved C-terminal residues ( Figure S1B ), but the other residues are highly variable among them [15].
SUMMARY
Land plants differentiate germ cells in the haploid gametophyte. In flowering plants, a generative cell is specified as a precursor that subsequently divides into two sperm cells in the developing male gametophyte, pollen. Generative cell specification requires cell-cycle control and microtubule-dependent nuclear relocation (reviewed in [1] [2] [3] ). However, the generative cell fate determinant and its evolutionary origin are still unknown. In bryophytes, gametophytes produce eggs and sperm in multicellular reproductive organs called archegonia and antheridia, respectively, or collectively called gametangia. Given the monophyletic origin of land plants [4] [5] [6] , evolutionarily conserved mechanisms may play key roles in these diverse reproductive processes. Here, we showed that a single member of the subfamily VIIIa of basic helix-loop-helix (bHLH) transcription factors in the liverwort Marchantia polymorpha primarily accumulated in the initial cells and controlled their development into gametangia. We then demonstrated that an Arabidopsis thaliana VIIIa bHLH transiently accumulated in the smaller daughter cell after an asymmetric division of the meiosis-derived microspore and was required for generative cell specification redundantly with its paralog. Furthermore, these A. thaliana VIIIa bHLHs were functionally replaceable by the M. polymorpha VIIIa bHLH. These findings suggest the VIIIa bHLH proteins as core regulators for reproductive development, including germ cell differentiation, since an early stage of land plant evolution.
RESULTS AND DISCUSSION
Marchantia polymorpha is a dioecious liverwort species that undergoes vegetative growth in the form of a leaf-like body called thallus. Sexual reproduction is initiated by development of gametangia at thallus apices. The initial cells differentiate from thallus epidermal cells and develop into gametangia, which harbor germ cells enclosed by jacket layers of non-germ cells [7] [8] [9] [10] ( Figures 1A and 1B) . During this development, the flat thallus changes its morphology into an umbrella-like structure called gametangiophore (archegoniophore and antheridiophore in female and male, respectively) [7] [8] [9] [10] . This reproductive development requires irradiation by far-red (FR)-enriched light [11] .
Previously, we isolated a mutant named hpt2040 by biolistic transformation, which showed constant gametangiophore development irrespective of FR due to a single autosomal mutation [12] . Whole-genome sequencing revealed autosomal genomic rearrangements in hpt2040, including a 422-kb inversion and a 51-kb deletion ( Figure 2A ). Segregation analysis indicated that the rearranged region was genetically linked to the mutant phenotype ( Figure 2B ). This region of the M. polymorpha genome was predicted to contain 45 genes (Table S1 ) [13] . RNA-sequencing (RNA-seq) analyses indicated significant transcript accumulation of Mapoly0024s0106 (MpbHLH20) in hpt2040 plants grown in the absence of FR, but not in wild-type (WT) (Table S1 ), suggesting a gain-offunction effect of the hpt2040 mutation. We named this gene MpBONOBO (MpBNB) after Pan paniscus, which shows constant sexual behavior. The MpBNB gene has no intron and encodes a 622-amino-acid peptide with a single basic helixloop-helix (bHLH) domain ( Figure 2C ). Phylogenetic analysis of land plant and algal bHLHs indicates that MpBNB belongs to the subfamily VIIIa of bHLH proteins that are exclusively found in land plants [13] [14] [15] (Figure S1A ). The proteins of this subfamily have a highly conserved bHLH domain and conserved C-terminal residues ( Figure S1B ), but the other residues are highly variable among them [15] .
Transgenic plants carrying MpBNB coding sequence (CDS) controlled by the cauliflower mosaic virus 35S promoter (35S-MpBNB) developed gametangiophores in the absence of FR ( Figure 2D ). Transgenic plants named MpBNB-GR, which constitutively expresses MpBNB fused to the rat glucocorticoid receptor steroid-binding domain [16] [17] [18] , developed gametangiophores in a dexamethasone (DEX)-dependent manner ( Figure 2E ). These results suggest that MpBNB activation is sufficient for gametangiophore development. We also generated MpBNB knockout plants ( 2G ) and showed normal thallus growth and bifurcation that are indistinguishable from those of WT in vegetative growth ( Figure S2C ). These results suggest that MpBNB is required for gametangiophore development.
To examine spatial and temporal pattern of MpBNB accumulation, we used homologous recombination to insert a yellow fluorescent protein (Citrine) sequence into the 3 0 end of MpBNB CDS in the M. polymorpha genome ( Figures S2D and S2E ). The resultant MpBNB-Citrine knockin plants developed gametangiophores with normal morphology in the presence of FR (Figure S2F ). They showed nuclear Citrine fluorescence in the initial cells, in the egg of immature archegonia, and in the sperm cell progenitors of immature antheridia ( Figures 3A and S3D ). However, no fluorescence was detected at the later stages ( Figures  3A) . These observations suggest that MpBNB accumulates in the precursors of gametangia (see also Figure 1 ). We further visu- Figure 3 ).
alized MpBNB accumulation in developing gametangiophores. After the male plants were shifted to FR-enriched light conditions, the Citrine-positive initial cells were first observed at thallus apices. As the apices developed into antheridiophores via formation of dome-shaped primordia, the initial cells formed a sporadic pattern in the peripheral region of antheridiophores ( Figures S3A and S3E) . In female plants, the Citrine-positive initial cells were first observed in newly formed apical tissues, and then were observed in a clustering pattern between the developing finger-like structures of archegoniophores. In maturing archegoniophores, the initial cells were located near stalks (Figures S3B and S3E ). Initial cells were not observed in the absence of FR ( Figure S3C ), suggesting that MpBNB accumulation and initial cell differentiation are FR-dependent. Together, these observations suggest that MpBNB plays a primary role in gametangial development, which, in turn, promotes the morphological changes of thallus apical tissues into gametangiophores.
Next, we analyzed the function of VIIIa bHLHs in flowering plants. The 
, except for one, which did not produce seeds and showed slight dwarfism and anther undehiscence ( Figures S4G-S4J and Table S2 ). The lack of male transmission of bnb1 bnb2 observed in reciprocal crosses (Table S2) , together with the rare occurrence of bnb1
À/À arising from self-pollination, indicated an almost complete loss of male genetic transmission. In contrast, female genetic transmission was not significantly affected by the bnb1 bnb2 mutation or by additional bnl mutation (Table S2) . Either of the BNB1 or BNB2 transgenes complemented sterility of the bnb1 À/À bnb2 À/À mutant plants ( Figures S4A-S4C ). These results suggest that BNB1 and BNB2 are redundantly required for male genetic transmission. By staining of pollen with 4',6-diamidino-2-phenylindole (DAPI), we showed that >50% of mature pollen from the bnb1 +/À bnb2 À/À and bnb1 À/À bnb2 +/À plants exhibited two sperm cell nuclei and a single vegetative nucleus in cytoplasm as observed in WT pollen. However, the rest of those exhibited a single nucleus with no sperm cells or no nucleus in cytoplasm ( Figures 4A and 4B ). The bnb1 À/À bnb2 À/À plants homozygous for the BNB1 or BNB2 transgenes exhibited normal pollen phenotypes ( Figures 4B and S4D ). Transmission electron microscopy (TEM) showed that the mutant pollen nucleus lacked a surrounding membranous structure characteristic of sperm cell and exhibited an internal structure similar to that of a vegetative pollen nucleus ( Figure 4C ). Uninucleate and early binucleate pollen, which were isolated from unopened bnb1 (G) Timing of gametangiophore formation. Data represent mean + SD of days until first immature gametangiophore appeared at thallus tip in three independent experiments (n R 16). Scale bars, 5 mm (D) and 1 cm (5 mm in insets) (E and F). See also Table S1 for RNA-seq analysis, Figure S1 for gene phylogeny and bHLH domain structures, and Figure S2 for generation of Mpbnb ko plants.
typically observed in generative cells (GCs) and remained at the pollen-cytoplasm periphery ( Figures 4D and 4E ). In the bnb1 À/À bnb2 +/À plants, a red fluorescent protein fusion of the histone H3 variant H3.10/MGH3/HTR1 (H3.10-RFP), which serves as a germ cell-lineage marker [20, 21] , visualized both GCs and sperm cells in WT pollen, but no RFP fluorescence was detected in the mutant pollen ( Figure 4F ). These observa- tions suggest that BNB1 and BNB2 are dispensable for asymmetric division of microspore but are redundantly required for subsequent specification of the precursor cell as a GC. Additionally, the mutant precursor cells that failed to differentiate into GCs remained at the periphery and were never incorporated into the mutant pollen cytoplasm, suggesting that GC specification is, in turn, required for GC internalization into the vegetative cell cytoplasm. Spatial and temporal patterns of BNB accumulation during pollen development were examined in the bnb1
À/À plants functionally complemented with BNB1 or BNB2 fused to a green fluorescent protein (EGFP) sequence (GFP-BNB1/2) (Figures 3B, 4B, and S4B-S4F). Although we failed to detect GFP-BNB1 fluorescence, GFP-BNB2 fluorescence was predominantly detected in the smaller cell of early binucleate pollen, but not in pollen at the other stages of development ( Figure 3B ). Given the role of BNB in GC specification, this observation suggests that BNB2 transiently accumulates in the smaller daughter cell after asymmetric microspore division and determines its cell fate as a GC (see also Figure 1C ).
We verified whether BNB function is conserved between M. polymorpha and A. thaliana. The bnb1
pressing MpBNB under the control of BNB2 promoter exhibited normal growth and development ( Figures S4B and S4C ). Approximately 40% of DAPI-stained pollen from the plants Table S2 for identification and characterization of mutant plants.
homozygous for the transgene exhibited normal trinucleate phenotype ( Figures 4B and S4D ), suggesting that MpBNB is able to differentiate functional GCs from the bnb1 bnb2 mutant microspores. These observations suggest that MpBNB can at least partly replace the BNB1 and BNB2 function in A. thaliana. We also generated M. polymorpha transgenic plants constitutively expressing BNB2 fused to GR (BNB2-GR). However, none of 34 independent lines showed gametangiophore development in the presence of DEX ( Figure S4K ). Our results suggest that VIIIa bHLHs play key roles in reproductive development from gametophytes in two evolutionarily distant species: gametangial development in a basal land plant M. polymorpha and GC specification in a flowering plant A. thaliana (Figure 1 ). Female germ cell development and function appeared to be normal in the absence of BNB1 and BNB2 (Table  S2) , suggesting additional or different mechanisms involved in female gametophytes in A. thaliana. During evolution of flowering plants, gametophytes have degenerated into few-celled tissues and differentiated structurally and functionally between female and male [1, 3, 22] . Our findings suggest that the common ancestor of land plants had BNB as a core regulator for development of both female and male reproductive tissues from gametophytes, which evolved into a GC fate determinant in flowering plants.
A recent paper showed that two subfamily XI bHLHs that were previously shown to function in root hair development play redundant roles in sperm cell formation in A. thaliana [23] . M. polymorpha has one subfamily XI member that regulates the development of rhizoids (filamentous cells for rooting in bryophytes) [24] . BNB may work in concert with these broadly expressed bHLHs for reproductive development in land plants.
The molecular mechanisms of reproductive development after the BNB-mediated process also appear to be partly conserved among land plants. In A. thaliana, the R2R3-MYB transcription factor DUO1 promotes mitotic division of GC into two sperm cells by targeting DAZ1/DAZ2 for mitotic entry and gamete differentiation [25, 26] . DUO1 also targets H3.10, as well as GCS1 and GEX2, which are required for gamete interaction and fertilization [27] . M. polymorpha has single DUO1 and DAZ2 homologs expressed specifically in antheridia [10] . The single M. polymorpha RKD transcription factor gene MpRKD is preferentially expressed in reproductive tissues and is required for egg formation [28, 29] and also partly for sperm formation [28] . Land plants may have used transcriptional pathways where BNB activates, directly or indirectly, DUO1 and RKD for reproductive development during evolution.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
M. polymorpha plants and growth conditions
A. thaliana mutant lines and growth conditions
The background of all mutants was Columbia. A mutant line in the GABI-Kat collection, GK-277A11 [57] , and two mutant lines in the SALK collection [58] (SALK_031573 and SALK_004289) were obtained from Arabidopsis Biological Resource Center and renamed bnb1, bnb2, and bnl, respectively. The T-DNA insertional mutations were confirmed by PCR with a KOD FX Neo DNA polymerase (Toyobo Life Science, Japan) and gene-specific primers shown in Figure S4A and Table S4 . Seeds were surface-sterilized and plated onto 0.8% gellan-gum media containing Murashige-Skoog salts and 1% sucrose, which were supplemented with 20 mg/L hygromycin B and 100 mg/L cefotaxime if necessary. The seeds were vernalized and the 14-day-old plants were transferred onto soil and grown under continuous white fluorescent-tube light at 22 C.
METHOD DETAILS
Genome sequencing of hpt2040 Genomic DNA was extracted from F1 progeny plants between hpt2040 and BC3-38 as follows: the tissue was powdered in liquid nitrogen, and incubated in 10 mL hexadecyltrimethylammonium bromide (CTAB) buffer (1.5% CTAB, 75 mM Tris-HCl [pH 8.0], 15 mM EDTA, and 1 M NaCl) for 20 min at 56 C. This suspension was mixed with an equal volume of chloroform-isoamylalcohol (24:1, v/v), incubated for 20 min at room temperature, and centrifuged at 4,000 x g for 20 min. The aqueous phase was used to repeat the chloroform-isoamylalcohol extraction, and then mixed gently with 1.5 volume of CTAB precipitation buffer (1% CTAB, 50 mM Tris-HCl [pH 8.0], and 10 mM EDTA). After centrifugation at 10,000 x g for 30 min at 20 C, the precipitate was dissolved in 1 M sodium chloride containing 10 mg/mL RNase A and incubated for 30 min at 37 C. The genomic DNA was precipitated with ethanol, dissolved in TE buffer (10 mM Tris-HCl [pH 8.0] and 1 mM EDTA), and further purified using a Genomic-tip 100 column (QIAGEN, Germany). The DNA was then sheared on a Covaris sonicator (Covaris, USA), size-selected with Pippin Prep (Sage Science, USA), and used to prepare the libraries with the TruSeq DNA PCR-Free Sample Preparation Kit (Illumina). The libraries were sequenced using Illumina HiSeq 2000 with a 2 3 101-nt paired-end sequencing protocol. The sequence reads were mapped to the M. polymorpha genome sequence [13] and the plasmid sequence used for biolistic transformation [12] by Bowtie2 v.2.2.9 [51] with default parameters, and were visualized and assessed using Integrative Genomics Viewer v.2.3.23 [52] .
RNA-seq
Total RNA was extracted from 7-day-old female and male thalli of WT and hpt2040 plants grown from gemmae under continuous CCFL light using an RNeasy Plant Mini kit (QIAGEN). The sequence libraries were prepared using a TruSeq RNA Sample Prep Kit v.2 (Illumina), and sequenced using Illumina HiSeq 1500 with a 126-nt single-end sequencing protocol. The sequence reads were mapped to the M. polymorpha genome sequence v.3.1 by TopHat v.2.0.13 [53] with default parameters. The mapped reads were used to identify the differentially expressed genes between WT and hpt2040 and to calculate FPKM values using Cuffdiff v.2.1.1 [54] . Three biological replicates were used for the library construction and RNA-seq analysis.
Linkage analysis
Genomic DNA was extracted from F1 progeny plants between hpt2040 and Tak-2 using a DNeasy Plant Mini kit (QIAGEN) and then examined by PCR with a TaKaRa Ex Taq DNA polymerase (Takara Bio, Japan) and primer pairs shown in Figure 2A and Table S4 .
Phylogenetic analysis
Peptide sequences of the bHLH domains were shown in the previous studies of A. thaliana [14, 15, 59] , Solanum lycopersicum [60] and Oryza sativa [14, 59] Figure S1C ) was constructed by MUSCLE [61] in the Geneious v.7.1.9 package [55] (https://www.geneious.com) with default settings, and the alignment gaps were removed manually. Phylogenetic analyses were performed using MrBayes v.3.2.6 [56] . Two independent analyses were run with four chains of 11 million Markov Chain Monte Carlo generations under mixed protein models. The trees were sampled every 1,000 generations and 25% of the generations were discarded as burn-in. After the run, the standard deviation of split frequencies was below 0.01. Clades of the phylogenetic tree were named based on those reported in the previous studies [14, 15] .
Generation of MpBNB-overexpressing M. polymorpha plants The MpBNB CDS was amplified from Tak-1 genomic DNA by PCR with a KOD FX Neo DNA polymerase and primer pairs of MpBNB-F1 and MpBNB-R1, and MpBNB-F1 and MpBNB-R2, subcloned into a pENTR/D-TOPO vector (Thermo Fisher Scientific, USA), and the inserted fragments were transferred into pMpGWB102 and pMpGWB114 binary vectors [46] , respectively, using a Gateway LR clonase II Enzyme mix (Thermo Fisher Scientific, USA). The BNB2 CDS was amplified from an A. thaliana inflorescence cDNA library [50] by PCR with a KOD FX Neo DNA polymerase and a primer pair of BNB2-F and BNB2-R, subcloned into a pENTR/ D-TOPO vector, and the inserted fragment was transferred into pMpGWB114. These binary vectors were introduced into regenerating thalli [62] or germinating spores via Agrobacterium tumefaciens GV2260 [63] to generate the transformed plants. To activate BNB-GR, the plants were cultured on 10 mM DEX-containing agar media.
Generation of Mpbnb
ko and MpBNB-Citrine knock-in plants For knock-in experiments, the pJHY-TMp1-Cit vector was constructed as follows: a fragment containing a Citrine CDS and a nopaline synthase gene terminator sequence was amplified from pMpGWB106 [46] by PCR with a KOD FX Neo DNA polymerase and a primer pair of Cit-Tnos-F and Cit-Tnos-R, and cloned into a HindIII site of pJHY-TMp1 [47] using an In-Fusion HD Cloning Kit (Takara Bio, Japan). Then Tak-1 genomic sequences were amplified by PCR with a KOD FX Neo DNA polymerase and primer pairs shown in Table S4 , and inserted into Pac I and Asc I sites of pJHY-TMp1 and pJHY-TMp1-Cit to generate Mpbnb ko and MpBNB-Citrine plants,
respectively. These vectors were introduced into germinating spores via Agrobacterium tumefaciens GV2260 [63] . The transformed plants carrying the targeted insertions were selected by PCR with a KOD FX Neo DNA polymerase and primer pairs of MpBNB-F3 and MpBNB-R1, and MpBNB-F4 and MpBNB-R3 for Mpbnb ko and MpBNB-Citrine plants, respectively.
Visualization of MpBNB
Ventral surface of immature MpBNB-Citrine thallus apices were gently scratched with forceps to remove the scales (leaf-shaped structures), and observed under a confocal laser scanning microscope (CLSM; Olympus FLUOVIEW FV1000, Japan). The developing gametangiophores were hand-sectioned for observation. Excitation and emission wavelengths for Citrine fluorescence were 515 nm (Ar laser) and 530-570 nm, respectively. For DAPI staining, the tissues were fixed with 3% (v/v) paraformaldehyde, 0.25% (v/v) glutaraldehyde, and 0.25% (v/v) Triton X-100 in 100 mM sodium phosphate buffer (pH 7) at 4 C for 3 h. After washing with the phosphate buffer, the tissues were stained in the phosphate buffer containing 0.4 mg/mL DAPI overnight. Excitation and emission wavelengths for DAPI fluorescence were 405 nm (diode laser) and 420-470 nm, respectively.
Cytological analysis of pollen
Mature pollen grains were collected by dipping opened flowers in a DAPI solution (0.4 mg/mL DAPI, 0.1 M sodium phosphate [pH 7.0], 1 mM EDTA, 0.1% Triton X-100) [64] . To collect immature pollen, the first (stage À1) to sixth (stage À6) unopened flower buds were serially isolated, and were dissected in the DAPI solution with a needle under a stereomicroscope (Olympus SZX16, Japan) [19, 64] . After gently squashing the pollen under a coverslip, the fluorescent images were acquired under a fluorescent microscope (Zeiss Axiophot 2, Germany) equipped with a digital camera (DP72, Olympus). For TEM, mature pollen grains were collected from opened flowers by vortexing the flowers in 4% (v/v) paraformaldehyde and 2% (v/v) glutaraldehyde in 50 mM cacodylate buffer (pH 7.4), and then fixed at 4 C for 3 days. Subsequent sample preparation and TEM image acquisition were performed by Tokai-EMA (Japan) (http://www.tokai-ema.com/) as follows: after washing with 50 mM cacodylate buffer, the samples were post-fixed with 2% (w/v) osmium tetroxide in 50 mM cacodylate buffer at 4 C overnight. Then, the samples were dehydrated in a graded series of ethanol (50%, 70%, 90%, and 100%), and embedded in resin. Ultra-thin sections (80-nm thick) were cut with a diamond knife using an ultramicrotome (Leica Ultracut UCT, USA), mounted on copper grids, and stained with 2% (w/v) uranyl acetate and a lead stain solution. Digital images were acquired under a transmission electron microscope (JEOL JEM-1400Plus, Japan) equipped with a CCD camera (JEOL EM-14830RUBY2). The H3.10/MGH3/HTR10 gene (At1g19890) [65] was used to visualize germ cells in pollen [20] by generating transgenic plants as follows: a 1,971-bp sequence of H3.10 was amplified from A. thaliana Col-0 genomic DNA by PCR with a KOD FX Neo DNA polymerase and a primer pair of H3.10-F and H3.10-R, subcloned into a pENTR/D-TOPO vector, transferred into pGWB559 [48] , and introduced into the bnb1 À/À bnb2 +/À plants by floral dipping [66] . Pollen grains from the T2 plants homozygous for the GFP-BNB2 transgene were stained by DAPI. The fluorescence of the transgenic pollen was visualized by CLSM.
The excitation/emission wavelengths were 543 nm (He-Ne laser)/560-620 nm, 488 nm (Ar laser)/500-525 nm, and 405 nm (diode laser)/420-470 nm for RFP, EGFP, and DAPI fluorescence, respectively.
Complementation tests
The BNB1 and BNB2 gene sequences were amplified from A. thaliana Col-0 genomic DNA by PCR with a KOD FX Neo DNA polymerase and primer pairs of gBNB1-F and gBNB1-R, and gBNB2-F and gBNB2-R, and were inserted into pENTR/D-TOPO vector to produce pENTR-BNB1 and pENTR-BNB2, respectively. For complementation tests by the GFP-fused proteins, the entire sequences of pENTR-BNB1 and pENTR-BNB2 were amplified by PCR with a KOD FX Neo DNA polymerase and primer pairs of BNB1-NGFP-F and BNB1-NGFP-R, and BNB2-NGFP-F and BNB2-NGFP-R, and were fused to an EGFP sequence, which was amplified from pK7WGF2 [49] by PCR with a KOD FX Neo DNA polymerase and a primer pair of EGFP-F and EGFP-R, using Seamless ligation cloning extract (SLiCE) [31] . For complementation tests by MpBNB, BNB2 CDS was replaced with MpBNB CDS in pENTR-BNB2 as follows: the entire sequence of pENTR-BNB2 was amplified by PCR with a KOD FX Neo DNA polymerase and a primer pair of gBNB2-MpBNB-F and gBNB2-MpBNB-R. MpBNB CDS was amplified from Tak-1 genomic DNA by PCR with a KOD FX Neo DNA polymerase and a primer pair of MpBNB-F2 and MpBNB-R2, and was fused with the pENTR-BNB2 sequence using SLiCE. The fused sequences were transferred into pHGW [49] , and the resultant binary vectors were used to transform the bnb1 À/À bnb2 +/À or bnb1 +/À bnb2 À/À plants by floral dipping. The T1 plants were used for the complementation tests, and the T2 plants homozygous for the transgenes were used to observe pollen phenotype. Genotypes of the complemented plants were confirmed by PCR with a KOD FX Neo DNA polymerase and primers shown in Figure S4 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance between gene expressions detected by RNA-seq was evaluated by Cuffdiff v.2.1.1. as shown in Table S1 . For segregation analyses, chi-square test was used to evaluate goodness-of-fit to expected ratio as shown in Table S2 . For the other statistical comparisons, Student's t test was used to evaluate statistical significance as shown in the relevant Figure legends . For imaging analyses, at least three individuals representing at least two independent transgenic lines were evaluated.
DATA AND SOFTWARE AVAILABILITY
The hpt2040 genome sequence and RNA-seq data have been deposited in the International Nucleotide Sequence Database Collaboration Sequence Read Archive via DNA Data Bank of Japan under ID codes DRA006391 and DRA006392.
